Receptor-specific compounds were applied by retrograde microdialysis to the ventral tegmental area ('WA) of the rat brain. The effect of the intrategmental infusions on extracellular dopamine in the ipsilateral nucleus accumbens were recorded with a second microdialysis probe. lntrategmental infusion of muscimol or baclofen (50 PM) decreased extracellular dopamine in the nucleus accumbens. lntrategmental infusion of NMDA (1 mM, 15 min) or kainate (50 FM, 15 min) increased extracellular dopamine in the nucleus accumbens.
The effects of the excitatory amino acids were suppressed by co-infusion of MK-801 (1 mM), (+)3-amino-l -hydroxy-2-pyrrolidone [(+)-HA966; 1 mM], (?)-3(2-carboxypiperazin-4-yl)-propyl-1 -phosphonic acid (CPP; 100 PM), and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 300 PM). lntrategmental infUSiOn Of Of carbachol(50 PM) increased extracellular dopamine in the nucleus accumbens. These results provide evidence for localization of GABA,, GABA,, NMDA, non-NMDA, and cholinergic receptors on dopamine neurons in the VTA. Infusions of CPP, (+)-MK-801, (+)-HA966, CNQX, mecamylamine, atropine, methyI]propyl](diethoxymethyl) phosphonic acid (CGP 52432) into the VTA did not modify extracellular dopamine in the nucleus accumbens. Infusion of bicuculline (50 FM) and (-)-sulpiride (50 PM) was followed by an increase in extracellular dopamine in the nucleus accumbens. These data suggest that dopamine neurons in the VTA are tonically inhibited by GABA and dopamine by acting on GABA, and D, receptors, respectively. A tonic stimulation by glutamatergic or cholinergic neurons was not detected. Finally, results on A10 neurons are compared with earlier data on A9 neurons. A striking difference was found in that GABA,-dopamine interactions are indirect in the substantia nigra and direct in the VTA.
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Mesolimbic dopamine neurons originate in the A10 region of the ventral tegmental area (VTA) in the brainstem and innervate the nucleus accumbens (often referred to as the ventral striatum). These neurons have received considerable interest in numerous behavioral, electrophysiological, and neurochemical studies. Various workers have emphasized that mesolimbic dopamine neurons play an important role in the mediation of cognitive, rewarding, and affective functions (Fibiger and Phillips, 1986; Sachs and Meisel, 1988; Le Moal and Simon, 1991; Blackburn et al., 1992) . In this respect, it is generally supposed that the antipsychotic effects of dopamine antagonists are associated with mesolimbic dopamine neurons, whereas the Parkinsonian side effects are related to the nigrostriatal dopamine (A9) neurons. This hypothesis is attractive for developers of new antipsychotic drugs, because it implies that the design of a drug with a selective action and with less extrapyramidal side effects is theoretically possible. Important for this concept is the possibility of discriminating pharmacologically between the two dopaminergic systems. For this purpose, a detailed knowledge on the innervation of these neuronal systems is crucial. Neuroanatomical, neurochemical, and electrophysiological studies have already provided a large amount of data about the presence of receptors on and neuronal afferents to cell bodies and dendrites of dopamine neurons in the VTA (for review, see Kalivas, 1993) . However, evidence obtained in conscious animals about the regulation of dopamine neurons in the VTA is relatively scarce. An approach that may provide such evidence is the dual-probe microdialysis technique. Dual-probe microdialysis is a variant of the multiple push-pull cannulae that have been applied successfully to dopamine neurons in anesthetized cats (Nieoullon et al., 1977) . With dual-probe microdialysis, we have recently characterized the nigrostriatal dopaminergic pathway (Santiago and Westerink, 1991, 1992; Westerink et al., 1992) .
In the present approach, we have studied dopamine neurons that originate in the VTA with dual-probe microdialysis. One probe was implanted in the VTA, and a second probe was placed in the ipsilateral nucleus accumbens. Receptor-specific compounds were infused by retrograde microdialysis into the VTA while extracellular dopamine was recorded from the nucleus accumbens.
Three issues were investigated: (1) identification of receptors that modify the activity of mesolimbic dopamine neurons at the somatodentritic level; (2) the participation of afferents to the tonic regulation of the mesolimbic dopamine neurons-for this aim, a series of receptor-specific antagonists was infused into the VTA; and (3) a comparison between the mesolimbic and nigrostriatal dopaminergic system. Based on earlier studies (Kalivas, 1993) 
RESULTS

Basal values
The average basal values of dopamine in dialysates of the nucleus accumbens for the different experiments did not differ signifi- cantly. Therefore, they are grouped here together. Basal values t SD were 3.2 ? 0.8 fmolimin (n = 72).
Effect of (-)-sulpiride, infused into the VTA, on the dialysate content of dopamine in the ipsilateral nucleus accumbens
The specific D, antagonist (-)-sulpiride, infused in a concentration of 50 PM (a dose that was maximally effective in the nigrostriatal dopamine pathway; Santiago and Westerink, 1991) into the VTA, caused an increase of extracellular dopamine to -125% of controls in the ipsilateral nucleus accumbens (Fig. 1 ).
Effect of muscimol and bicuculline, infused into the VTA, on the dialysate content of dopamine in the ipsilateral nucleus accumbens The GABA, agonist muscimol was infused via the microdialysis probe into the VTA in concentrations of 10, 20, or 40 PM. The infusions caused a dose-dependent decrease in extracellular dopamine in the ipsilateral nucleus accumbens (Fig. 2) . At 40 PM, dopamine decreased to -40% of controls. The decrease in extracellular dopamine was statistically significant at all three doses 45 min after the start of the infusion.
The GABA, antagonist bicuculline, infused into the VTA in a concentration of 50 pM, caused an increase of extracellular dopamine in the ipsilateral accumbens to -180% of controls (Fig. 3) . The increase in extracellular dopamine reached statistical significance 15 min after start of the infusion. Higher doses were not studied because of the induction of strong turning behavior.
Effect of baclofen and CGP 52432, infused into the VTA, on the dialysate content of dopamine in the ipsilateral nucleus accumbens and striatum
The GABA, agonist D,L-baclofen was infused into the VTA in a concentration of 50 pM. This GABA, agonist caused an decrease of extracellular dopamine in the ipsilateral accumbens to -35% of controls ( Fig. 4; U~YOW 1 of the potent and specific GABA, antagonist CGP 52432 into the VTA (Fig. 4 , arrow I) in a concentration of 100 PM did not influence the extracellular levels of dopamine in the ipsilateral nucleus accumbens. When baclofen (50 FM) was added to the CGP 52432 solution ( Fig. 4 ; arrow 2) the decrease in extracellular dopamine was completely blocked. Effect of infusion of NMDA, CPP, (+)-MK-801, and (+)-HA966 into the VTA on the dialysate content of dopamine in the ipsilateral nucleus accumbens NMDA was infused into the VTA in a concentration of 1 mM. Because of the strong behavioral activation, the NMDA infusion was restricted to 15 min. The extracellular dopamine in the ipsilateral accumbens rose to -190% of controls (Fig. 5) . The increase was statistically significant 15 min after the start of the infusion.
Intrategmental infusion of the competitive NMDA antagonist CPP, the noncompetitive antagonist (+)-MK-801, and the NMDNglycine antagonist (+)-HA-966 suppressed the increase induced by 15 min infusion of 1 mM NMDA (Fig. 6) . To achieve this effect, higher concentrations of (+)-MK-801 and (+)-HA966 (1 mM) were necessary than for CPP (0.1 mM). None of the antagonists modified the basal values of extracellular dopamine in the ipsilateral nucleus accumbens, although there was a tendency to decrease in the case of (+)-MK-801.
The intrategmental infusion of 1 mM NMDA induced a strong behavioral activation, including hyperlocomotion and turning behavior, rearing, and grooming, that lasting for -20 min, after which the animals returned to their usual resting state. This behavioral effect was completely blocked by co-infusion with CPP and was partly blocked with (+)MK-801 and (+)-HA-966.
Effect of infusion of kainate, CNQX, and kainate + CNQX into the VTA on extracellular levels of dopamine in the ipsilateral nucleus accumbens
Kainate was infused into the VTA in a concentration of 30 FM. Because of the strong behavioral activation, the kainate infusion was restricted to 15 min. The extracellular dopamine in the ipsilateral accumbens rose to -160% of controls (Fig. 7) . The increase was statistically significant 15 min after the start of the infusion. April 15, 1996, 16(8) Infusion of the specific non-NMDA receptor antagonist CNQX in a concentration of 300 pM) into the VTA slightly decreased extracellular levels of dopamine in the ipsilateral nucleus accumbens (Fig. 7, awow) which the animals returned to their usual resting state. This behavioral effect was completely blocked by co-infusion with CNQX.
Effect of carbachol, atropine, and mecamylamine, infused into the VTA, on the dialysate content of dopamine in the ipsilateral nucleus accumbens The aspecific cholinomimetic compound carbachol was continuously infused into the VTA in a concentration of 50 PM. Carbachol caused an increase of extracellular dopamine in the ipsilatera1 accumbens to -140% of controls (Fig. 7) . The increase in dopamine reached statistical significance 30 min after start of the infusion of carbachol. The muscarinic antagonist atropine and the nicotinic antagonist mecamylamine, both infused in a relatively high concentration of 100 PM, were without effect on the ipsilatera1 concentration of dopamine in the nucleus accumbens (data not shown).
Comparison of mesolimbic and nigrostriatal neurons
For comparison of the present data with similar experiments carried out on nigrostriatal neurons, we have indicated the results from nigrostriatal experiments with dotted lines in the various figures. The results of intranigral infusion of baclofen, NMDA, kainate, and sulpiride were taken from earlier papers (Santiago and Westerink, 1991, 1992; Westerink et al., 1992) . Data on infusion of carbachol were not published previously. Minor differences in the experimental procedure between the mesolimbic and nigrostriatal experiments are indicated below.
Infusion of (-)-sulpiride into the substantia nigra or VTA induced a similar rise in extracellular dopamine in the nerve terminal areas (Fig. l) , suggesting that sulpiride is equally effective in stimulating the two neuronal systems at the level of cell bodies/dendrites.
In contrast to changes in the mesolimbic neurons (Fig. 2) " g E g 120- muscimol increased extracellular dopamine in the ipsilateral striatum to -125% of controls. Bicuculline was applied to the substantia nigra for 60 min and was applied continuously to the VTA, the infusions induced comparable increases in mesolimbic as well as nigrostriatal neurons (Fig. 3) . Baclofen induced a strong decrease in both the nucleus accumbens and the striatum (Fig. 4) . The changes in the striatum were somewhat more pronounced than in the nucleus accumbens.
The increase seen after infusion of 1 mM NMDA in the cell body area was more pronounced in the nucleus accumbens than in the striatum. Although the infusion lasted only 1.5 min in the VTA, but 60 min in the substantia nigra, the increase in extracellular dopamine in the nucleus accumbens was almost twice as high as in the striatum (Fig. 5) . We conclude that NMDA is -lo-fold more effective in stimulating mesolimbic neurons than nigrostriatal neurons.
Kainate was infused in a dose of 30 PM during 1.5 min in the VTA and in a dose of 10 PM during 60 min in the substantia nigra (Fig. 7) . This means that the infused amounts of compound in both experiments are on the same order of magnitude. The maximal increases in extracellular dopamine in the two nerve terminal areas were not statistically different. We conclude that kainate is equally effective in stimulating the two neuronal systems.
Infusion of carbachol into the VTA induced an increase in the nucleus accumbens that was slightly more pronounced than infusion of carbachol into the nigrostriatal system (Fig. 8) . The differences did not reach the level of statistical significance. DISCUSSION GABA, glutamate, and acetylcholine receptors in the VTA The first aim of the study was to identify neurotransmitterreceptor interactions that modify the activity of dopamine neurons in the VTA.
Infusion of the GABA, agonist muscimol as well as the GABA, agonist baclofen into the VTA caused a pronounced decrease in extracellular dopamine in the ipsilateral nucleus accumbens, whereas infusion of bicuculline stimulated the dopamine neurons. These data suggest that both GABA, and GABA, receptors are present on somatodendritic sites of mesolimbic dopamine neurons, a finding that is in good agreement with anatomical data (Bayer and Pickel, 1991) and with data from electrophysiological studies in brain slices (Johnson and North, 1992; Jiang et al., 1993; Seutin et al., 1994) . The results with baclofen are comparable with a study in which baclofen was injected into the VTA (Klitenick et al., 1992) and with a recent, similar dual-probe microdialysis study (Yoshida et al., 1994) . Infusion of NMDA or kainate into the VTA induced a pronounced increase in extracellular dopamine in the nucleus accumbens. Kainate was equally effective at -30 times lower concentrations than NMDA. These results are in line with electrophysiological studies carried out in brain slices on dopamine neurons in the VTA (Seutin et al., 1990; Johnson and North, 1992; Johnson et al., 1992; Wang and French, 1993; Zhang et al., 1994 ) and a recent dual-probe microdialysis study by Wang et al. (1994) , in which NMDA was infused into the VTA of anesthetized rats. Similar conclusions were reached by Suaud-Chagny et al. (1992) , who injected NMDA into the VTA and carried out single-unit recording of dopamine neurons in the VTA in combination with electrochemical measurement of extracellular dopamine in the ipsilateral accumbens. The stimulation of NMDA and kainate was suppressed by co-infusion of the competitive antagonists CPP and CNQX. The noncompetitive antagonists were less effective in this respect because a lo-fold higher dose was needed and behavioral effects of NMDA were only partly blocked. Taken together, these data strongly support anatomical evidence (Christie et al., 1989 ) that NMDA and non-NMDA receptors are present on somatodendritic sites of mesolimbic dopamine neurons.
Investigations of the cholinergic-dopamine interactions in the basal ganglia have been focused previously on the striatum. However, recent electrophysiological, anatomical, and behavioral studies have shown that cholinergic neurons innervating midbrain dopamine neurons are also able to increase the activity of nigrostriatal dopamine neurons (Seutin et al., 1990; Nastuk and Graybiel, 1991; Parker and Winn, 1992) . The observed increase in extracellular dopamine in the nucleus accumbens, during infusion of carbachol into the VTA, illustrates the ability of the cholinergic projections to stimulate dopamine cells in the VTA. These results are in good agreement with electrophysiological data from Seutin et al. (1990) , who reported that VTA neurons were excited during carbachol infusions. Because carbachol is a nonspecific agonist, no specification can be given in terms of muscarinic or nicotinic receptors. Electrophysiological studies on brain slices indicated the presence of muscarinic as well as nicotinic receptors on dopamine cell bodies in the VTA (Calabresi et al., 1989; Lacey et al., 1990) . Self-stimulation experiments provided indirect evidence for the presence of muscarinic and nicotinic receptors on A10 neurons in the VTA (Yeomans et al., 1993; Corrigall et al., 1994) . Yoshida et al. (1993) and Nissel et al. (1994a,b) have studied recently the mesolimbic dopamine neurons with dualprobe microdialysis. They demonstrated that A10 dopamine neurons are activated by nicotine infusions into the VTA.
Tonic regulation of the activity of A10 dopamine neurons To investigate the tonic regulation of A10 dopamine neurons, we infused a series of receptor-specific antagonists into the VTA. Midbrain dopamine neurons recorded in vitro display a pace-maker activity. When the neurons are studied in vivo, a characteristic burst-firing pattern is observed (Tepper et al., 1995) . This suggests that burst-firing is triggered by afferent input. Several authors have suggested that burst-firing of the midbrain dopamine neurons is induced by iontophoretic application of NMDA. Burstfiring of A10 neurons that was induced by NMDA has been observed in brain slices (Seutin et al., 1994; Wang et al., 1994) as well as in vivo in anesthetized rats (Overton and Clark, 1992; Cherqui et al., 1993; French et al., 1993; Zhang et al., 1994) . These studies suggest a tonic excitation of dopamine neurons by a glutamatergic input. However, results of studies on administration of competitive glutamate antagonists to A10 neurons are controversial. Some authors report an inhibition of burst-firing of midbrain dopamine neurons by glutamate antagonists (Charlety et al., 1991; Overton and Clark, 1992; Chergui et al., 1993 ) but French et al. (1993 found no effect of systemic administration of competitive glutamate antagonists on the firing rate or the firing pattern of the dopamine neurons. The question of whether a tonic excitation of A9 or A10 dopamine neurons is exerted by glutamatergic a&rents is yet unsolved. In this respect, the results of the present experiments carried out on conscious rats are of interest. Because burst-firing is believed to induce a relatively high increase in the synaptic levels of dopamine (Gonon and Buda, 1985) , a pronounced decrease in dopamine release is to be expected when the firing pattern of the dopamine neurons is normalized. However, CPP as well as CNQX, infused into the VTA, were unable to decrease extracellular dopamine in the ipsilateral nucleus accumbens. Because the stimulatory effects of infused NMDA and kainate were blocked by co-infusion with CPP and CNQX, respectively, it can be concluded that the infused amounts of antagonists were effective. The present results do not support a direct major role of glutamatergic projections in the induction of burstfiring in midbrain dopamine neurons during control conditions. The stimulatory effect of the GABA, antagonist bicuculline demonstrates that dopamine neurons in the A10 are tonically inhibited by GABA, receptors in conscious rats. In contrast, the absence of any effect of the new, potent GABA, antagonist CGP 52432 (Lanza et al., 1993) suggests that GABA, receptors are not activated during normal conditions. The fact that GABA, receptors are tonically activated, whereas GABA, receptors are not, may indicate that these receptors are not located on the same cell. That the concentration of the infused GABA, antagonist was effective was demonstrated by the observation that CGP 52432 completely blocked the effect of baclofen infusion. The finding that the infused GABA agonists muscimol and baclofen were effective in decreasing extracellular dopamine in the ipsilateral accumbens suggests that the capacity of GABAergic neurons to inhibit VTA neurons is much larger than expressed under control conditions. Moreover, the pronounced effects of the GABAergic compounds suggest an important role for GABA in tonic inhibition or burst-firing. A recent electrophysiological study provided evidence that GABAergic projection neurons mediate burst-firing of midbrain dopamine neurons through disinhibition by GABA* and GABA, receptors (Tepper et al., 1995) . The present data give support to such a mechanism.
Intrategmental infusion of high concentrations of the nicotinic antagonist mecamylamine and the muscarinic agonist atropine was without effect on ipsilateral dopamine. With respect to mecamylamine, similar results were reported recently in a dualprobe study by Nisell et al. (1994b) . These findings support the notion that the mesolimbic dopamine system is phasically rather than tonically regulated by cholinergic receptor activation within the VTA.
Finally, we have infused (-)-sulpiride in a dose that is effective in maximally blocking D, receptors (Santiago and Westerink, 1991) . From the slight increase in extracellular dopamine in the ipsilateral nucleus accumbens, it can be concluded that D, autoreceptors in the VTA have a significant but modest contribution to the tonic inhibition of the mesolimbic dopamine neurons.
Summarizing the effects of the infused specific antagonists, we conclude that dopamine neurons in the VTA are tonically inhibited by GABA, and D, receptors. A tonic stimulation by glutamatergic and cholinergic neurons could not be demonstrated.
Comparison between A9 and A10 dopamine neurons When the present results are compared with previously published data from dual-probe experiments on nigrostriatal neurons (Santiago and Westerink, 1991, 1992; Westerink et al., 1992) , some similarities and differences between A9 and A10 dopamine neurons become apparent. A significant difference was noticed with respect to the GABAergic interaction. Although the stimulatory effect of bicuculline is very similar for the two dopamine systems studied, muscimol stimulated the nigrostriatal dopamine neurons when infused into the substantia nigra, whereas it dosedependently inhibited mesolimbic neurons when infused into the VTA. Stimulation of nigrostriatal neurons after intranigral administration of GABA receptor agonists has been described by various authors, and it is speculated that a second inhibitory interneuron located in the A9 participates in the GABAergic striatonigral pathway (Grace and Bunney, 1979; Leviel et al., 1979) . Apparently, such an interneuron is not necessary to hypothesize in the GABAergic regulation of mesolimbic dopamine neurons. The finding that muscimol interacts in an opposite way with the two dopamine systems is of great interest because it opens the possibility of discriminating pharmacologically between mesolimbic and striatal dopamine neurons.
A10 neurons were -lo-fold more sensitive to NMDA than A9 neurons. For stimulation with kainate or carbachol or for blockade by (-)-sulpiride, both neuronal systems seemed equally sensitive.
Conclusions
The present study provides evidence for the presence of D,, GABA,, GABA,, NMDA, non-NMDA, and cholinergic receptors at somatodentritic sites of A10 neurons. We realize that the VTA is a very complex neuronal structure for which many receptor interactions have been described (Kalivas, 1993) . It cannot be excluded that some of the studied interactions are mediated by interneurons.
Moreover, other neuronal interactions-especially serotonergic and peptidergic afferents-will need further investigation in this respect. 
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